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Abstract
Investigations with 300MPa injection pressures show significant soot reduction, but the effect of such extreme
pressures on the in-nozzle flow has not been closely examined. The study of the in-nozzle flow is important because
it dominates primary break-up characteristics and therefore the combustion efficiency. Moreover, the characteristic
pressure drops in Diesel injectors may cause the fuel to cavitate, which leads to enhancements in the nozzle
outlet velocity, the spray cone angle and the fuel atomisation. In this work, the fuel property database is modelled
using the molecular-based PC-SAFT EoS with an eight-components surrogate based on a grade no. 2 Diesel
emissions-certification fuel. The composition for the surrogate is (in mole fration): 2.7% n-hexadecane, 20.2% n-
octadecane, 29.2% heptamethylnonane, 5.1% n-butylcyclohexane, 5.5% trans-decalin, 7.5% trimethylbenzene and
15.4% tetralin. Then, this surrogate is utilised in simulations for a common rail 5-hole tip injector tapered nozzle.
The needle is assumed to be still at a lift of 100µm, which is representative of the lift reached during pilot injection.
The injector operating pressures start from 180MPa and reach 450MPa. The collector back pressure is 5MPa. The
density of the bulk fluid is assumed to vary according to a barotropic-like scheme, following an isentropic expansion.
Results show an increase in the mass flow rate, following the square root of the pressure difference law and also
in the outlet velocity, both as expected. Surprisingly, the cavitation is significantly reduced as the injection pressure
increases. A focused study on this particular phenomenon shows a significant decrease in the Reynolds number
in the sac, therefore the flow is found to be more stable and the pressure drop along the nozzle is smaller. The
reason for the lower Reynolds number is found on the heavy nature of Diesel fuels. While the sac average velocity
increases 15% between an injection pressure of 180MPa and 450MPa, the kinematic viscosity increases close to a
70%.
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Introduction
Research on diesel injector systems for improving the combustion efficiency and meeting emission regulations from
all types of diesel powertrains is a pressing environmental issue. Several strategies have been sought to study and
decrease soot emissions, such as the use of diesel surrogates [1], additives in diesel and bio-diesel blends [2],
the use of multiple injections per power cycle [3] and the increase in injection pressure [4]. Modern diesel engines
operate with upstream pressures around 200MPa, although the current trend is to increase them up to 300MPa,
as included in the forthcoming EU emission regulations. However, due to the micrometer scales of injectors, high
injection pressures will irremediably cause very high fuel velocities which, added to the sharp geometric changes
in the injector passages, lead to significant pressure gradients and local depressurization. Then, if the pressure
decreases beyond the saturation point, the fuel may vaporise in a phenomenon known as cavitation, which in turn
is related to injector erosion and under-performance [5].
The main observed effect of cavitation is on liquid jet atomisation [6, 7, 8, 9]. Faeth et al [10] found that primary
break-up characteristics, those of the fuel jet near to the nozzle exit, were dominated by the characteristics of the in-
nozzle flow, primarily by the disturbances found therein. From there, several studies followed. It has been observed
that cavitation enhances atomisation performance [11], increases the spray cone angle [12], and it is related to
mass flux choke due to obstaculisation of the free flow, enhancing then the nozzle outlet velocity [13].
The occurrence of cavitation is influenced by several factors. It is commonly known that tapered nozzles reduce
the appearance of cavitation [14]. Although the usual place for cavitation to appear is close to the upper part of the
injector hole, a low needle lift may flip it to the bottom part [15]. Moreover, it was observed for circular sharp edged
orifices that cavitation reduces the mixing uniformity within the orifice[16].
Research on the modelling of in-nozzle cavitation has been thorough in approaches. Two numerical models
are widely used: the volume of fluid method (VOF) [17] and the continuum method, although the latter is more
widespread due to its lower computational requirements. The continuum method considers the fluid as an homo-
geneous mixture on the sub-grid scale and it is also referred as homogeneous equilibrium model (HEM). HEM has
been used to show conditions at which the cavitation cloud exits the nozzle and into the combustion chamber [18].
It has been coupled coupled with a Reynolds Averaged Averaged Navier-Stokes model and mass transfer to obtain
asymmetric flow features closer to experiments [19]. This model can be used to study the formation and transport
of vapor bubbles, the turbulent fluctuations in velocity and pressure and the effect of non-condensable gases [20]. It
has been possible to look into the effect of liquid and vapor compressibility on supercavitation formation [21]. More-
over, new models have been able to predict the mass flow, the momentum flux at the nozzle exit, and the effective
injection velocity [22].
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Mw Tb z m σ /k
Compound Name [g/mol] [K] [% mol] [-] [Å] [K]
n-octadecane 254.5 590.0 20.2 7.438 3.948 254.90
n-hexadecane 226.4 560.0 2.7 6.669 3.944 253.59
heptamethylnonane 226.4 520.0 29.2 5.603 4.164 266.46
1-methylnaphthalene 142.2 518.0 14.4 3.422 3.901 337.14
n-butylcyclohexane 140.3 456.2 5.1 3.682 4.036 282.41
trans-decalin 138.2 460.5 5.5 3.291 4.067 307.98
tetralin 132.2 480.9 15.4 3.088 3.996 337.46
1,2,4-trimethylbenzene 120.2 442.6 7.5 3.610 3.749 284.25
Table 1. Molar composition for the diesel surogate [34] modelled here. Boiling points at 0.1 MPa taken from the literature.
Recently, more accurate and computationally expensive models have been developed accounting for realistic in-
jector characteristics, most of them based on large eddy simulations (LES), as it was found that LES is capable
of reproducing the turbulent structures in diesel nozzles [23]. Using this turbulence model, computational studies
showed that cavitation enhances turbulence since the highest values of vorticity were found at the liquid-vapor inter-
phase [24]. Nevertheless, the state-of-the-art on cavitation modelling is the simulation of injections accounting for
realistic moving needles. Both cavitation and the lateral and radial movements of the needle have been successfully
calculated depending on the liquid compressibility [25]. On the contrary, realistic needle moving have been imposed
to study the effect of cavitation on primary atomisation [26] and the relation of cavitation and erosion [27].
In most of the simulations described above, the properties of the fluid in liquid the state are assumed to follow a
barotropic evolution, i.e. pressure and density are one to one related, if not assumed constant. For the vapor,
however, the usual assumption is for constant properties. In the former case, the barotropic equation is usually
derived following Kolev’s diesel properties collection [28] or single component approximations using the NIST Ref-
prop [29] database. However, the use of constant properties may lead to large deviations in discharge coefficient
and fuel heating predictions, particularly in cases of high pressure injections [30]. On the other hand, composition
effects in diesel fuel are related to changes in the cavitation cloud size [31], the spray atomisation [32], and spray
tip penetration [33].
The aim of the current work is to simulate the in-nozzle flow during a diesel injection at injection pressures up
to 450MPa using a realistic multicomponent diesel surrogates, studying the differences from their outcomes. The
surrogate is a mixture of eight components based in the composition of a grade no. 2-D S15 diesel emissions-
certification fuel from Chevron-Phillips Chemical Co. [34]. The surrogate was tested to mimic the characteristic
composition, ignition quality, volatility, density, and other properties from the objective diesel fuel and has been
already modelled using the molecular-based PC-SAFT equation of state [35]. The surrogate composition is listed
in Table 1.
(a) Geometry and boundary conditions
(BC)
(b) Detail of the mesh
Figure 1. Simulated geometry, one fifth of the total structure.
The structure of the present paper takes the form of four sections. Following the above brief introduction, the second
section gives the outline of the case set-up, the geometry and CFD model used for the simulations. Then, the results
are shown including the calculated properties of the surrogate and the in-nozzle flow and cavitation characteristics,
alongside the discussion of this results. Lastly, the final section gives a summary and critique of the findings.
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Geometrical characteristics
Needle radius (mm) 1.711
Orifice length (mm) 1.262
Orifice diameter (mm) Entrance Din 0.37
Exit Dout 0.359
Sac volume (mm3) 1.19
k-factor = (Din - Dout), D in µm 1.1
Table 2. Dimension of the injector used for the simulations on this work.
Numerical Method
Injector geometry and operating conditions
The examined injector geometry was based on a common rail 5-hole tip injector with tapered nozzle. The most
important dimensions for this injector is shown in Table 2. As focus is given here on the effect of fuel properties,
complications arising from the needle valve motion have been ignored. Although the simulation is transient, the
needle was assumed to be still at its full lift of 310µm, reached during the majority of the main injection. Incorporation
of needle motion would obviously produce a different result, although the differences at these lifts may not excuse
the increase in computational effort [36]. The simulated geometry consisted on 1/5 of the full injector geometry, as
shown in Figure 1a, imposing periodic boundary conditions on the symmetry planes. Moreover, constant pressure
boundary conditions of 180, 250, 350 and 450MPa at the inlet and 5MPa at the outlet have been assumed. It must
be noted that there is a hemispherical volume attached to the nozzle exit; this volume is added in order to be able
to capture the complete cavitation cloud, which may extend out of the orifice.
Regarding the computational mesh, two topologies have been used, as shown in Figure 1b. Before the orifice
entrance, in the sac volume, there is an unstructured tetrahedral mesh. For the rest of the domain, a hexahedral
block-structured mesh is used. The total number of cells in the numerical mesh was ∼1.4M. Regarding the use
of turbulence model, studies have shown that RANS models suffer from significant pitfalls when resolving the cav-
itation cloud [37], while the more accurate Large Eddy Simulations (LES) are able to resolve the highly transient
phenomena typical of a fuel injector. Therefore, the Wall Adapting Local Eddy-viscosity (WALE) LES is used in this
work.
CFD model
The in-house density-based CFD code used in this work solves a laminar, compressible and viscous Navier-Stokes
system in the open-access OpenFOAM platform. This solved system consist of the continuity equation:
∂ρ
∂t
+∇ · (ρu) = 0 (1)
and the momentum equation:
∂(ρu)
∂t
+∇ · (ρu⊗ u) = −∇p+∇ · τ (2)
where ρ is the density, t is time, u is the velocity field, p is the pressure and τ is the stress tensor, related to the
viscosity among other properties.
The energy equation is omitted here. The reason for omitting heat effect was the assumption of adiabatic injection,
as its characteristic time-scales are small enough for heat to be unlikely exchanged.
Two phase flows are characterized, among others, by large variations in speed of sound. While the speed of sound
in the liquid phase is in the order of O(103)m/s and that of gas is O(102)m/s, in the liquid-vapour it sanks down
to O(100)m/s. Therefore, for a typical velocity at the orifice of O(102)m/s, it can be expected a Mach number
range from O(10−1) to O(102). For density-based solvers, low Mach numbers are related to convergence problems
and dispersion, so a hybrid flux is used for accounting for both low and high Mach numbers. That, in terms of the
interface pressure within the approximated Riemann solver scheme is:
p = [1− β(M)]pincomp + β(M)pcomp (3)
where
β(M) = 1− e−aM (4)
where a is a blending coefficient, to be manually introduced. Thus β(M) → 0 when M → ∞, and therefore
p = pincomp. On the other hand β(M)→ 1 when M → 0, and therefore p = pcomp. The two phase flow is assumed
to be an homogeneous mixture of vapor and liquid in mechanical equilibrium, i.e. both phases share the same
pressure and velocity fields. Moreover, the bulk is considered to be a single phase whose density varies according
to a barotropic-like scheme, i.e. for every pressure there is a single value of density related to it. This relation is
given by a real equation of state, particularly by the PC-SAFT.
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hard chain fluid dispersion addedhard sphere fluid
σ
m
Figure 2. Schematic of three, non-associating molecules as they would be modelled using the PC-SAFT EoS. Each molecule is
decomposed into spherical segments of diameter σ. The segments then form chains of length m that interact via dispersion
forces. In this example, the three molecules have the same number of segments m = 3 and diameter σ.
Results and Discussion
Isentropic properties
The first set of results in Figure 3 shows the properties that govern the behaviour of the diesel surrogate with respect
to pressure. The properties were calculated maintaining the entropy of the fluid constant to that obtained at 324K
and 5MPa. This temperature and pressure are chosen based on the theoretical outlet temperature for operation at
180MPa and a discharge coefficient of unity, i.e. the ideal case without friction losses, as calculated on a published
paper using the same geometry [27]. Therefore, the pressure depends exclusively on density as in barotropic EoS.
Isentropic properties are chosen instead of isothermal in order to take into account the thermal delay in cavitation,
due to the heat transfer between the liquid and the vapour bubble [38].
The calculation of the vapour fraction, Figure 3a, is determined by minimizing the Gibbs Free Energy and applying
the tangent plane criterion to find the most stable state(s) of the fluid system, according to a published algorithm
[39] consisting of a stability analysis followed by a phase equilibrium calculation. For the conditions studied in these
simulations, the vapor pressure for diesel fuel is 230Pa.
Although density, Figure 3b, is directly calculated from the pressure-explicit form of the equation of state the speed
of sound and, particularly, the dynamic viscosity need certain considerations for their correct calculation.
Regarding the speed of sound shown in Figure 3c, its value in the single phase, i.e. when the pressure is greater
than the vapor pressure, is directly calculated from its definition:
c =
√(
∂p
∂ρ
)
s
(5)
where c is the speed of sound and ()s indicates that the derivative is computed at constant entropy. However, when
the fluid is in the two phase region, i.e. at a pressure lower than the vapor pressure, the speed of sound follows
Wallis rule [40]:
1
ρc2
=
α
ρV c2V
+
1− α
ρLc2L
(6)
where α is the volume vapor fraction and the subscripts V and L stand for vapor and liquid phase.
Finally, in case of the dynamic viscosity in Figure 3d, it is calculated by using the method described in [41], while
the mixing rule is taken from [35]. In case of the two phase region, the effective viscosity calculation is based on
that of a published article [42]:
µ = (1− α)(1 + 5
2
α)µL + αµV (7)
Which at low gas concentration it takes into account the appearance of turbulent viscosity that overall increases the
mixture viscosity [43].
Hydraulic characterisation
The mass flow rate is shown in Figure 5 for the four injection pressures 180, 250, 350 and 450MPa. These values
were calculated at the exit of the orifice, it is presented against time in Figure 5a and averaged against the squared
root of the pressure drop between the inlet and the outlet, in Figure 5b.
As shown in Figure 5a, the simulations run until the flow was stabilised, i.e. until there were an absence of random
changes in the mass flow rate, as it is typical during the initial period. Due to an increase in the injection pressure,
with constant outlet pressure, the velocities observed at the exit of orifice increase significantly, as shown in Figure
4, and therefore the mass flow rate increases. This increase in mass flow rate follows the typical squared root of the
pressure drop law, as shown in Figure 5b.
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Figure 3. Thermodynamic data used during the simulations for the diesel surrogate.
Internal flow
The averaged cavitation obtained in the simulations for the different injection pressures is shown as function of the
position along the orifice in Figure 6a and the total volume occupied by vapor with α > 1% in Figure 6b. For the
total orifice length L, l = 0 at the entrance and l = L at the exit.
As shown, the dependence of the amount of cavitation with the injection pressure is proportionally inverse at the
conditions studied in this paper, contrary to what is believed to be the typical trend. Regarding the total volume
of vapor, it is found that the greatest change is found from 180MPa to 250MPa, with reduced, but still present,
differences in the rest of cases following the same trend.
This trend in the amount of cavitation can be understood noticing that the rate of growth of the dynamic viscosity in
Figure 3d is greatly enhanced at very high pressures. These high-pressure viscosities have an effect particularly in
the sac flow, where the Reynolds number falls consistently with the injection pressure as shown in Figures 7 and 8.
Taking into account the definition of the Reynolds number:
Re =
V
ν
D (8)
where D, V and ν are the characteristic length of the injector nozzle, the velocity of the flow and the kinematic
viscosity of the fluid given by the equation of state, respectively. Figure 9 shows the sac averaged values for V and
ν for each case. It can be seen that although both properties increase with the injection pressure, the rate at which
the velocity increases is within 10-25% while for the kinematic viscosity it is between 50-100%. This tendency overall
makes the Reynolds number to decrease with the injection pressure, making the flow more stable and therefore less
prone to cavitate.
Summary and Conclusions
In this work, the fuel property database is modelled using the molecular-based PC-SAFT EoS with a previously
studied eight-components surrogate based on a grade no. 2 Diesel emissions-certification fuel. The composition for
the surrogate is (in mole fration): 2.7% n-hexadecane, 20.2% n-octadecane, 29.2% heptamethylnonane, 5.1% n-
butylcyclohexane, 5.5% trans-decalin, 7.5% trimethylbenzene and 15.4% tetralin. Then, this surrogate is utilised in
simulations for a common rail 5-hole tip injector tapered nozzle. The needle is assumed to be still at its maximum lift
of 310µm, which is representative of the lift reached during the majority of the main injection. The injector operating
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(a) 180MPa (b) 250MPa (c) 350MPa (d) 450MPa
Figure 4. Averaged velocity in the injector for different injection pressures.
(a) (b)
Figure 5. Mass flow rate calculated at the exit of the orifice through time (a) and the averaged value against the squared root of
the pressure drop(b).
pressures start from 180MPa and reach 450MPa. The collector back pressure is 5MPa. The density of the bulk fluid
is assumed to vary according to a barotropic-like scheme, following an isentropic expansion.
Results show an increase in the mass flow rate, following the square root of the pressure difference law and also
in the outlet velocity, both as expected. Surprisingly, the cavitation is significantly reduced as the injection pressure
increases. A focused study on this particular phenomenon shows a significant decrease in the Reynolds number in
the sac, therefore the flow is found to be more stable and the pressure drop along the nozzle is smaller. The reason
for the lower Reynolds number is found on the heavy nature of Diesel fuels. While the sac average velocity increases
an average of 15% between an injection pressure of 180MPa and 450MPa, the kinematic viscosity increases close
to a 70%.
Regarding the future work, it is clear that a thorough study of the extreme cases is necessary as a refinement
of the mesh may resolve smaller scales that with the current one are ommit. Additional, at extreme pressures,
thermal effect are expected to be of greater importance and should be taken into account for future developments.
Nevertheless, the results obtained in this work challenges the preconceived relation between injection pressure and
cavitation production, which is of great importance for the reduction of pollution as the trend shows an increased
interest on supercritical injection.
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